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Abstract 
We present the results of an experiment for the measurement of P-wave velocity and attenuation in a sandstone saturated by 
supercritical CO2 (scCO2) and brine at ultrasonic frequency.  In this study, we acquired simultaneously time-lapse records of 
ultrasonic waveforms and X-ray CT images of fluid saturation.  Therefore, the quantitative relationships of P wave velocity and 
attenuation versus CO2 saturation in local wave pass zone were obtained.  The results show obvious hysteresis between drainage 
and imbibition for these relationships.  The imbibition exhibits lower velocity and high attenuation than drainage at the same 
CO2 saturation. For example, the velocity has a 6% reduction during drainage, while a 13% reduction during imbibition at 0.3 
CO2 saturation.  Moreover, the data during transition between drainage and imbibition shows retardation phenomenon, e.g. the 
velocity continues decreasing while CO2 saturation starts decreasing.  We explain the hysteresis using the White’s model, which 
suggest the patch size and patch saturation change from drainage to imbibition. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
Keywords: CO2 storage; P-wave velocity; attenuatuon; hysteresis 
1. Introduction 
Recently, there has been increasing interest in time-lapse seismic method to monitor the injected supercritical   
CO2 in underground reservoir for CO2 geological storage purpose. Seismic obtaining of temporal and spatial scCO2 
saturation distribution in reservoir from P-wave velocity and attenuation has importance to reservoir management 
and safety of CO2 geological storage. An improved understanding of the relationship of seismic wave velocity or 
attenuation to scCO2 saturation degree is essential to accurately map the CO2 spatial distribution in reservoir.  
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
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A number of experimental studies have been carried out regarding the elastic characteristics of partially saturated 
porous media.  It is commonly recognized the replacement of a pair of immiscible fluids such as CO2 and water has 
dramatic effect on both the seismic wave velocity and wave amplitude. Wave induced fluid flow and scattering are 
two most proposed mechanisms for observed waveform attenuation. The wave induced fluid flow may  be divided 
further into Biot global flow, meso-scale flow, and micro-scale squirt flow and oscillation flow, according to 
different scales of descriptions [1].  The meso-scale is defined as a scale smaller than wavelength but larger than 
rock grain and pore, which is often related to the scale of heterogeneous (patchy) distribution of rock properties and 
saturation of two fluids with different fluid bulk moduli.  When a passing wave creates pressure gradients and flow 
within fluid phases, the viscous dissipation accompanying relaxation of pore fluid pressure causes dispersion and 
attenuation of elastic wave.  White's patchy model [2][3]  based on meso-scale wave induced flow offers a way to 
predict the velocity and attenuation with variation of saturation degree and distribution.  Basically, White’s model 
considers the porous rock filled mostly with water but containing gas pockets.  It can explain the relations between 
velocity and gas pocket radius.  And Helle et al. 's numerical study using realistic fluid distribution from tomography 
scans also shows the behavior of attenuation peaks versus water saturation is similar to White's model [4].   
The fluid flow behavior can be simply distinguished as scCO2 injection stage (drainage) and post-injection stage 
(imbibition).  In the long term, an imbibition process will dominate the reservoir flow. Several studies have pointed 
the hysteresis of velocity and attention with respect to fluid saturation.  
Cadoret et al. compared the difference of velocity  - saturation  and attenuation  - saturation relations between 
drainage(by degassing) and imbibition (by drying)[5][6].  The imbibition by depressurization produces a very 
uniform saturation, while drainage by drying produces heterogeneous saturation.  It is found that mesoscopic patches 
are more developed during drainage than imbibition. And the P velocity and attenuation are also higher during 
drainage than imbibition for a saturation degree.  However, the degassing or drying method they used is not exact 
results of fluid flow as natural flooding. The experimental results of Yin et al. shows a strong dependence on the 
saturation history, with the attenuation peak located at 90% water saturation in the drainage experiment and 98% 
water saturation for imbibition techniques[7].   Nakagawa et al. recently reports the velocity and attenuation of 
extensional wave, exhibits differences between drainage and imbibition,  in a CO2-water fluid system using the 
resonant bar technique[8]. Similar to the results of [5][6], Nakagawa et al.'s results show faster velocities and smaller 
attenuation during drainage than imbibition. However, the large wavelength in their study, compared to the sample 
size and fluid distribution scale, makes it is difficult to analyze the underlying mechanism related to the sub-sample 
inhomogeneities. 
In order to understand the role of fluid distribution on elastic wave, especially for the relationships of wave 
velocity and attenuation with respect to CO2 saturation during drainage and imbibition processes, we carried out a 
high pressure core-flooding experiment for two-phase flow of scCO2 and brine with simultaneous time-lapse records 
of ultrasonic waveform and X-ray CT image.  In this context, we show the obtained CO2 saturation from X-ray CT 
image and P-wave velocity and attenuation from waveform first. Then we present the relationships of them and 
analyze the population of voxel saturations to reveal the variations of patch saturation and size.   Finally we use the 
White's model to explain the variation of patch sizes between drainage and imbibition. 
2. Materials and Methods 
2.1. Sample and equipment 
We used a reservoir sandstone having sub-core scale striped texture, which includes layers of high porosity and 
low porosity with low and high CT number respectively on X-ray CT image when at dry state (Fig.1).   
The location of the rock is confidential but we have detailed analysis of its mineral composition and other rock 
properties. The mineral analysis suggests this rock includes compositions of quartz (64%), plagioclase (12%), Fe-
cement (16%), and clay (3%). A column with 35 mm in diameter and 70 mm in length were prepared for 
experiments. The porosity of the sample is 13.5% and the permeability is about 0.72 mili Darcy.  
A medical X-ray CT scanner, Toshiba Medical Systems Corp. Aquilion ONE TSX 301A, having a high-speed 
helican scan system, was employed in our experiment. The shortest scan interval was 1 second, allowing us to 
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obtain quick snapshots. In each scan, slices are reconstructed with 512$\times$512 pixels and a 0.5 mm interval 
between slices. In the present experiment, the reconstructed pixel corresponds to a 0.159 mm side-length square. 
We installed a carbon fiber immersed PEEK (polyetheretherketone) high-pressure cylinder having high X-ray 
transparency in the gantry of CT scanner. The inner and outer diameters of the cylinder are 100 and 50 mm, 
respectively. Both ends of the cylinder were sealed and its inside was pressurized by oil. A carbon coated heater 
sheet was mounted on the lateral face of the vessel and was coated by aramid-fiber thermal insulation cloth for 
temperature control.  
Three pairs of PZTs were set on the lateral surface of the cylindrical sample, allowing 9 wave propagation paths 
(Fig. 1a). A burst of one-cycle 500 kHz sine wave was generated and amplified for driving PZTs. The transmitted 
wave was amplified by a low-noise amplifier, and then recorded with 10 ns sampling rate and 16 bit resolution.  The 
wavelength of P-waves at the source frequency is about 7 - 8 mm. Each transmitting transducer had three 
corresponding receive transducers.  The possible direct wave paths are described in Fig. 1a.   
Fig. 1. (left) a photo of vertical section of the rock sample. The PZTs setting is depicted. (middle) X-ray CT image of dry sample. (right)  image 
of rock porosity distribution. The first Fresnel volume of channel 1-1’ is shown.  
Injection was controlled by high precision syringe pumps for sides, inlet and outlet (Fig. 2), along vertical 
direction. The injection direction was set near perpendicular to the striped layers, but with a small angle of 
intersecting.  Confining pressure was set at 12 MPa.  Inlet and outlet pressures were about 10 MPa.  Inlet pressure is 
raised several tens of kPa at the beginning of constant flow-rate injection, and it decreases until the constant pressure 
difference appears between inlet and outlet when steady flow is achieved. Temperature was set at 40  Υ  throughout 
the experiment. The non-wetting fluid in this experiment is CO2 while the wetting fluid is KI brine. The temperature 
and pressure of  this experiment, were set  above the critical point of CO2, which is at a pressure of 7.38 Mpa and a 
temperature of 30.95 Υ. These conditions ensure the CO2 in supercritical during experiment.  
 Fig. 2. A schematic of equipments including injection components, waveform measurement components and an X-ray CT scanner. 
In order to increase the image contrast between brine and CO2, the KI concentration was selected as 12.5 wt%. 
The brine viscosity is approximately 0.91 mPa· s at the present experimental conditions. 
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2.2. Experimental procedure  
The experiment includes a dry stage, a full-brine stage,   and multi-stages of drainage and imbibition with step 
increase in flow rate, as shown in Table 1. In drainage (CO2 injection into KI brine saturated core) initial flow rate 
was set at rate of 0.1 mL/min (0.0011 kg/(s· m2)}). However, after 24 minutes, there was no apparent flow of CO2 
can be observed from X-ray CT images. The injection rate was set up to 0.2 mL/min with 50 minutes flooding and 
then set up to 0.5 mL/min with 20 minutes flooding.   
After CO2 drainage, brine was initially injected into the core at a flow rate of 0.20 mL/min (0.0038 kg/(s· m2), 
and then increased to 0.5 mL/min (0.0094 kg/(s· m2). 
The initial state of imbibition experiment was the final state of the CO2 drainage experiment with saturated 
phases but after 16 hours in which the fluids could redistribute. 
     Table 1. Experimental procedure and parameters 
2.3. Fluid saturation estimation by X-ray CT 
X-ray CT provides non-destructive three-dimensional visualization of rock sample in CT numbers for each voxel.  
CT number describes the intensity of the X-ray attenuation. The time-lapse variations of CT number are 
corresponding to the change of local fraction of fluids.   
Through simple computational analysis of CT numbers during a core flooding experiment, the in situ fluid 
saturations can be continuously monitored in three dimensional voxels.  
The following equations yield the degree of CO2 saturation, 
ܵେ୓ଶ by the voxel CT number [9] 
where ܥ ୠܶ୰୧୬ୣୱୟ୲ ,   ܥ େܶ୓ଶୱୟ୲ and ܥ ௢ܶ௕௦ are the CT numbers of each voxel for brine-saturated core,  for CO2-saturated 
core, and for each examining scan, respectively.  c is the coefficient that relates CO2 saturation to the difference of 
the CT number between examining scan and the brine saturated state.  
Usually, as conventional technique in such experiments, the fluid saturation is estimated by mass balance of fluid 
input and output. Shortcomings of the method include accuracy of mass calculation, dead volume calculation and 
only the saturation of whole core can be estimated.   
 However, the direct wave should transmit just along the direct path with a little deviation.  Consequently, the 
wave velocity or attenuation should be only relevant to local CO2 saturation where wave passing by; but not 
relevant to the saturation at other regions. 
Here taking the advantage of X-ray CT imaging,   CO2 saturation of each voxel can be acquired, thus the local 
average CO2 saturation in a small Fresnel zone-like volume along the direct path can be estimated (Fig. 1).   The 
local saturation describes the CO2 fraction distributed along the wave path and thus should correlate to wave 
velocity and attenuation better. 
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2.4. Estimation of P-wave velocity and attenuation 
We used the travel time of first-arrival to get the velocity and amplitude ratio of the first-period wave to get the 
attenuation.  Both of them were done using TSpro software [10].   The cross-correlation technique in this software 
ensures the accuracy of the pick-up of time of first-arrival wave and calculation of amplitude ratio.   
P-wave velocity was calculated by ratio of transmitting distance to travel time of first-arrival.  
And the attenuation of P-wave, represented by quality factor 1/Q, can be related with variation of wave amplitude 
by following equation [11]:     
where A0 corresponds to the amplitude of the source at wave emitting point,   is the wave frequency,  c is the 
wave phase velocity,  x is the transmitting distance, and  is the wave amplitude at x.   The equation (2) can be 
reformulated as 
where  is the attenuation coefficient.  We obtained amplitude ratio   of first period by cross-correlation, 
and calculated   by equation (3).  Then we use the following equation to get the relative attenuation ( )[10]:   
 
3. Experimental results 
3.1. Waveforms 
Fig. 3. Time-lapse waveforms of the path 1-1' during drainage and imbibition. The times of the first arrival of P-wave are indicated by red bars. 
Recording times shown in left are the elapsed time from the CO2 and brine injections, respectively. The local CO2 saturation values inside the 
first Fresnel zone are marked in the right. 
An example of time-lapse waveforms corresponding to ray path 1-1' are shown in Fig.3. During drainage, the 
first-arrival delays and amplitude of waveform shows a significant reduction with increasing of the local CO2 
saturationܵେ୓ଶ. Then they show a recovery during imbibition.  It is interesting to note that the first-arrival continues 
delaying after imbibition starts, where CO2 saturation is decreasing.   The trend of P-wave velocity change is not 
always coincident with the change of CO2 saturation.  Interpretation for these phenomena will be shown in the 
following section. 
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Fig. 4. Power spectrum of the output signals of dry state and the measurements No. 3, 5, 7 and 9.   The corresponding CO2 saturation during 
drainage (D) and imbibition (I)  are denoted. The color and line style correspond to those of waveforms in Fig.3. 
The changes of amplitude during drainage and imbibition also lead to remarkable changes in power spectral 
density. Fig.4 shows the power spectral density calculated from the AR model algorithm. The initial spectral peak 
around 400 kHz at dry state shifted to about 330 kHz during CO2/brine injection. 
3.2. Fluid distribution 
Fig. 5. Time-lapse CO2 saturation images corresponding to waveforms. The Fresnel volume for the channel 1-1’ is denoted by red dashed line. 
Fig.5 shows the time-lapse variation of the CO2 saturation map; the reconstructed images in the section 
perpendicular to the scanner axis.  The sequence of image corresponds to the measured waveforms (Fig.3).  CO2 
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was injected from the bottom, whereas brine was injected from the top.  Inhomogeneous distributions of CO2 are 
shown in each image. During drainage, the high CO2 saturation zones correspond to the high porosity zone shown 
in Fig.1.    
The CO2 plume shape and the distribution during brine imbibition are different from those during drainage.  
Besides the differences in plume shapes, the sizes of high CO2 areas seem smaller in imbibition, and also the spatial 
pattern becomes more uniform in imbibition compared to drainage, as seen in the image 4 and image 8 of Fig.5 
Besides the difference in the plume shape, the area size of high and low CO2 concentration seems smaller, and the 
spatial pattern becomes more uniform in imbibition compared to drainage as seen in the image 4 and image 8.  Fig.6, 
which is the selected cross-sections near the wave channel 1-1' of the same CO2 saturation, further demonstrate the 
change in spatial distribution of CO2 described above. 
 
Fig. 6. Comparisons of CO2 distribution maps at the same average CO2 saturations in the Fresnel volume (wave path 1-1') between drainage and 
imbibition 
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Fig. 7. Time-lapse changes of CO2 saturation (ܵେ୓ଶ), normalized P-wave velocity (Vp) and relative attenuation ( ) for 9 channels. 
High and low CO2 saturation areas are concentrated during drainage, whereas CO2 is more sparsely distributed 
during imbibition. Fig.6, the selected cross-sections near the wave channel 1-1' of the same CO2 saturation, further 
demonstrate the changes in spatial distribution of CO2 described above. The CO2 saturation is higher at the sites 
with high porosity during drainage; whereas CO2 is more sparsely distributed during imbibition. The difference in 
distribution is related to the capillary force field which is enhanced by invasion-percolation mechanism, led by pore-
size distributions[12].   
 
3.3. P-wave Velocity, attenuation  and CO2 saturation 
Fig. 7 shows the time-lapse changes of the local CO2 saturation ܵେ୓ଶ within the first Fresnel volume along each 
ray path, the relative velocity reduction and the relative change of 1/Q with reference to those at fully brine saturated 
state, from the upper panel to the bottom panel.} The fluctuation of the plotted changes shows the measurement 
stability. Generally the short-path channels have small fluctuations of velocity and attenuation, whereas the long-
path channels have large fluctuations due to the lower signal-to-noise ratio.  The relatively smooth curves of 
saturation suggest the high stability of saturation estimated from X-ray CT images.  The drainage and imbibition can 
be distinguished from the locations of the saturation peaks.  However, for several channels, 1-1', 2-2', and 2-1' etc., 
increase of CO2 saturation continued after start of imbibition.  There are two reasons which may cause those 
characteristics: first, the CO2 dead volume at the outlet after drainage may retreat to the core when imbibition 
started from another side; second, the operation from drainage to imbibition may cause unavoidable slight pore 
pressure fluctuations, leading to CO2 volume expansion and exsolution.  
Changes of velocity and attenuation appear in a sequential order in association with the flow fronts of CO2 and 
brine. These changes suggest that the CO2 injection front can be effectively monitored. The measured absolute 
values of Vp are different for each ray paths at fully brine saturated state, which are ranged between 3.3 - 3.5 km/s.  
Overall, within the saturation scope of this study (ܵେ୓ଶ  = 0 - 45%), the velocity decreases and the attenuation 
increases when CO2 saturation increases during drainage, while a reverse process appears when CO2 saturation 
decreases during imbibition. At the end of drainage, the velocity reduction is about 12%, and the final attenuation 
change is about 0.04, while the CO2 saturation is about 0.45.  The curves show retardant phenomena that the 
velocity continues decreasing and the attenuation continues increasing when drainage turns to imbibition, where 
CO2 saturation starts decreasing. The largest velocity reduction during imbibition is about 14%, whereas the 
largest change of attenuation is about 0.065. Different channels show large differences in velocity and attenuation, 
led by rock heterogeneities. Usually, when the differences of saturation in different channels are large, the 
difference of velocity and attenuation are also large.  
Fig. 8 shows the relationships between CO2 saturation and velocity, and Fig. 9 shows the relationship between 
CO2 saturation and attenuation. It is interesting to note that the velocity reduction and the change in attenuation are 
not single-valued functions with respect to the CO2 saturation, but they are dependent on saturation history.  
Here we take channel 1-1' as an example. Immediately after the imbibition start, the velocity continued to 
decrease with decreasing of CO2 saturation. The largest velocity reduction appear at the early stage of imbibition 
where the CO2 saturation has been already recovered to approximately 30%, where obvious different CO2 
saturation patterns occurred compared to those during drainage Fig. 6. At this saturation, the velocity has a 6% 
reduction during drainage, while it has still an approximately 13% reduction during imbibition.  
A similar phenomenon was observed in the amplitude attenuation. Usually, the attenuation during imbibition 
show significantly higher values than those during drainage.  Moreover, the peak of attenuation in imbibition 
appears at smaller CO2 saturation and has larger values than in drainage. The largest attenuation during drainage 
occurs at approximately 30 % CO2 saturation, which is lower than the maximum saturation: over 45 % for each 
channel.  In contrast, the attenuation peak during imbibition appears at approximately 15 % CO2 saturation.  These 
may reflect that the CO2-brine distribution affects wave energy transmission as well as wave velocity.  Compared to 
velocity, the attenuation shows more complex changes 
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Fig. 8. Vp ratio of 9 channels with respect to CO2 saturation. The Gassmann-Hill (GH) bound and Gassmann-Wood (GW) bounds are shown for 
comparison. 
Fig. 9.  with respect to CO2 saturation. 
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The temporal variations of voxel population with different saturation scopes can reveal the change of CO2 
patches indirectly (Fig.10). It is shown that the imbibition has larger number of high CO2 saturation voxels 
(ܵେ୓ଶ >0.2) and smaller number of low CO2 saturation voxles (ܵେ୓ଶ ൏0.2) than drainage, when the overall 
saturations of them are the same. In other words, smaller but concentrated patches are more developed in imbibition 
than in drainage at the same saturation. This path-dependent CO2 distribution may cause the hystereses of P-wave 
veolicty and attenuation with respect to CO2 saturation. 
Fig. 10. Population of pixels with CO2 saturation larger than 0.2 (red) and smaller than 0.2 (blue) during drainage and imbibition, respectively. 
Horizontal axis is the average CO2 saturation of local Fresnel zone-like volume for channel 1-1'. 
4. Interpretation by White's model 
The White's model [2][3] describes wave velocity and attenuation as a function of gas saturation, wave frequency, 
and the patch size. Usually, the fluid patches in classical White's model are equivalent to pure gas patches with 
radius a, surrounded by water phase shell with outer radius b  (b>a). The gas saturation can be inferred from volume 
ratio, which is equal to . 
Fig.11a and Fig.11b show the theoretical curves of velocity and attenuation predicted by White's models with 
patch size varying between 0.1 mm to 10 mm. These curves suggest the velocity and attenuation may change largely 
if patch size changes, for the same CO2 saturation. 
In Fig.11, the velocity and attenuation of channel 11, 22 and 33 are plotted together with curves of White's patch 
model. Most of velocity values of drainage are near the upper limit of White's patch model, of which the patch size 
are larger than 7-10 mm. In contrast, the figure shows velocity values of imbibition have smaller patch sizes. Here, 
the values do not follow a curve of a specific patch size, but across a group of curves with different patch sizes, 
which may indicate the variation of the size of equivalent patch during flooding. The values of initial imbibition 
(transition part), show the patch size may change dramatically, from 7 mm to 2 mm. As the imbibition going, the 
patch size may change from 2 mm to 0.5 mm. The attenuation shows similar variations of patch size, that the 
drainage has larger patches while the imbibition has smaller patches and the values distribute by crossing several 
curves with different patch sizes. 
Our CT image and above analysis using White's model suggest the real flow condition in porous sandstone may 
lead to time-lapse variations of patch sizes. And the variations of patch size may cause the hysteresis and retardant 
phenomena of relations of velocity and attenuation versus saturation between drainage and imbibition. 
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Fig. 11. Theoretical curves of velocity (a) and attenuation (b) with respect to CO2 saturation predicted by White's model with patch size varying 
between 0.1 mm to 10 mm. The measured velocity and attenuation data of the channels 1-1', 2-2' and 3-3' are plotted. 
5. Conclusion 
In this paper, we presented the results of an experimental measurement of velocity and attenuation of ultrasonic 
P-wave while CO2 and brine were flooding, during drainage and imbibition processes. The local CO2 saturation 
near wave path was calculated based on X-ray CT imaging.  And thus the relationships of P-wave velocity and 
attenuation versus CO2 saturation were obtained.  The relationship between Vp and ܵେ୓ଶ suggests when effective 
saturation ܵେ୓ଶ increases, the Vp decreases during drainage and a reverse relation during imbibition.   Moreover, the 
velocity -saturation relation or attenuation - saturation relation shows obvious hysteresis between drainage and 
imbibition processes. The drainage process has larger Vp or smaller 1/Q at the same CO2 saturation than imbibition 
process.   It is particularly interesting that there is a retardant phenomenon at the initial stage of imbibition. During 
this stage, even the CO2 saturation starts decreasing, the Vp decreases continuously.  If take brine saturated state as 
a base value, the largest Vp reduction is about 12% at the last drainage, and it is about 15% during imbibition.  Our 
analysis suggests the hysteresis may be caused by evolution of patch sizes and patch saturation due to flow 
percolation mechanism.   
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